ABSTRACT: Recent success in the fabrication of axial and radial core−shell heterostructures, composed of one or more layers with different properties, on semiconductor nanowires (NWs) has enabled greater control of NW-based device operation for various applications.
C ontrolled synthesis of semiconductor nanowires (NWs) has greatly extended NW functionality into a variety of applications such as NW-based energy harvesting systems, 5 tunnel FETs, 6 and light-emitting diodes (LEDs). 7, 8 Often, a core/shell structure is desired for tailoring energy band-edge profiles to control charge transport and improve device performance, exemplified by the investigation of Si NW arrays with axial and radial p−n junctions for photovoltaic applications. 5, 9, 10 To achieve competitive device performance, it is important to study charge transport mechanisms and the speed of charge separation along the length of a semiconductor NW as well as the influence of a core−shell interface on these processes. Although several recent studies have described the experimental characterization of these processes in both bulk semiconductors 11 and semiconductor nanostructures 12 with simultaneously high spatial and temporal resolution, to date no spatiotemporal plots of diffusion currents for either electrons or holes have ever been experimentally constructed in any semiconductor material.
Here, we report the first experimental mapping of diffusion currents in a semiconductor NW. Our technique relies on the use of ultrafast optical microscopy (UOM) to track charge carrier transport through space and time in single silicon NWs. 4 While earlier UOM experiments have studied carrier dynamics at fixed positions along a semiconductor NW, 4 ,13−15 we have probed carrier concentration gradients dynamically along the length of the NW, which enabled us to construct separate diffusion current maps for electrons and holes. The basic principle behind our technique is as follows: when a strong optical "pump" pulse injects carriers into a semiconductor nanowire, the photoexcited carriers are initially in a nonequilibrium state, 16 which creates a carrier density gradient along the nanowire. Since there is no external electric field across the NW in our experimental configuration, diffusion takes place due to the variation in concentration of the carriers along the NW axis, which results in associated internal fields.
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The carrier density at a given position is then detected by a weaker "probe" pulse as a function of time delay and spatial separation between the two pulses, allowing one to extract the carrier flow (diffusion current) along the NW axis. This is possible since, under typical experimental conditions, the measured photoinduced change in transmission, ΔT/T, is directly proportional to the carrier density within the probe spot. 16, 18 Therefore, by measuring the ΔT/T signal at a specific position and varying the pump position along the NW axis, we can both measure carrier relaxation at a given position and map the carrier diffusion current along the NW at ultrashort time scales.
In our experiments, a striking difference was observed in carrier relaxation and diffusion for Si NWs with or without a high-quality SiO 2 shell layer, as the SiO 2 layer passivates surface states and therefore minimizes carrier trapping. Effectively, this allowed us to experimentally show how shell passivation influences carrier concentration gradients and improves the efficacy of electron and hole diffusion currents in nanoscale semiconductor channels. Furthermore, our UOM measurements clearly revealed strong acoustic phonon oscillations in both Si and Si/SiO 2 NWs, which have not been previously reported, to the best of our knowledge, and indicate the excellent structural integrity of our material system. These new observations cannot be probed by conventional contact-based methods for studying minority carrier transport in semiconductor systems such as scanning photocurrent microscopy (SPCM) or electron-beam-induced current (EBIC) analysis, 9, 19 and as such these are the first spatiotemporal measurements of diffusion currents and phonon oscillations in single Si NWs.
Our UOM system and a conceptual illustration of UOM with spatially separated pump and probe beams are shown in Figures  1a and 1b , respectively (see Methods section). The Si NWs were fabricated by a combination of e-beam lithography and Si deep reactive ion etching, followed by thermal oxidation and stripping steps to form pristine NW surfaces ( Figure 1c ) and transferred onto a transparent sapphire substrate, as shown in the image taken in our UOM system (Figure 1d ). To assess the material quality of our NWs and provide reference measurements, we first overlap our pump and probe spots and measure photoinduced transmission changes at one end of two single core-only Si NWs with diameters of d = 167 nm and d = 255 nm as well as a d = 255 nm single Si/SiO 2 core−shell NW (where d refers to the core diameter throughout this paper) (Figure 2a ). The measured transmission changes can be fit with two decay time constants; here, we focus on the longer time constant τ that is due to carrier diffusion, trapping, and recombination, since the fast time constant is due to electron− phonon relaxation 20 and does not change significantly with the addition of a SiO 2 shell. In addition, note that the signals for both core-only NWs have small negative values at long time delays. This is due to induced absorption that occurs after carriers are trapped into midgap surface states, 21 supported by the fact that no negative signal is observed in Figure 2a for the core−shell NW, in which these surface states are passivated. Finally, we note that carrier diffusion away from the initial excitation point also influences the observed dynamics at longer time scales, which will be discussed in more detail below.
The magnitude of the ΔT/T signal from the core−shell Si NW is about twice that of the bare Si NW, and the decay time τ is faster in the bare Si NW (∼90 ps for the 167 nm Si NW and ∼121 ps for the 255 nm Si NW) than in the 255 nm core−shell NW (∼211 ps) owing to the surface passivation provided by the SiO 2 shell. These values are somewhat longer than those previously measured on vapor−liquid−solid (VLS) grown Si NWs, 4 presumably due to the absence of a metal (Au) growth seed in our NWs, which results in NWs with a higher degree of crystallinity than typical NWs prepared with VLS approaches. Using the procedure for extracting the surface recombination velocity (SRV) described in refs 19 and 22, we find that Si coreonly NWs have SRVs of 3.2 × 10 4 and 3.0 × 10 4 cm/s for 167 and 255 nm diameters and 8.2 × 10 3 cm/s for the Si/SiO 2 NW with 255 nm core diameter. The extracted SRVs from these NWs quantitatively compare well to previously measured values 4, 20 and confirm that unpassivated (bare) NWs have higher surface recombination velocities than passivated (core− shell) NWs.
The enhanced structural integrity of our material system (due to the precision etching-based, top-down fabrication technique used here as compared to VLS growth) also enables us to uncover phononic properties of our NWs. of the ΔT/T signal from the 255 nm core-only Si NW in Figure  2a , revealing peaks at 35.6 and 77.5 GHz. These oscillations are typically attributed to coherent acoustic phonons, which were first observed by Thomsen et al. in 1984 . 23 More recently, there have been reports on coherent phonons in single CdTe NWs 14 detected using ultrafast pump−probe spectroscopy as well as acoustic oscillations in InAs NW ensembles measured in timeresolved X-ray experiments. 24 The oscillations observed in both of those NW systems were attributed to localized breathing modes, in which the oscillation frequency is inversely proportional to the NW diameter. However, we find that the main 77.5 GHz peak in our data varies little with NW diameter (∼79 GHz for the 167 nm core-only NW in Figure 2b and ∼74.5 GHz for a ∼450 nm core-only NW (not shown)). Instead, we attribute this peak to Brillouin oscillations. 23 Physically, when the pump pulse irradiates the NWs, it generates a longitudinal sound wave directed toward the sapphire substrate (normal to the NW axis), which then diffracts the time-delayed probe pulse when it enters the sample, causing strong oscillations in the intensity of the transmitted probe. The Brillouin oscillation period τ B can be expressed by τ B = λ/2nν, 25 where the longitudinal sound velocity for bulk Si is ν = 9.32 × 10 3 m/s 26 and the refractive index is n = 3.65, giving a oscillation period τ B =12.5 ps that is independent of the NW diameter; this agrees well with the measured value of 12.8 ps (Figure 2b ). Because this acoustic oscillation is initiated by the photoexcited carriers in the Si core, the oscillation periods are the same for all Si NWs, with or without the SiO 2 layer. The weaker 35.6 GHz peak, in contrast, is attributed to excitation of the fundamental breathing mode, for which the model of ref 14 yields a predicted value of 34 GHz, in good agreement with our observations; this mode was observed both in this 255 nm NW as well as in the other two NW diameters mentioned above. Importantly, this demonstrates the coexistence of propagating strain waves and localized phonon modes in our NWs; a more detailed analysis will be the subject of a future publication. Finally, we note that no periodic oscillations were observed in the VLS-grown Si NWs used in previous experiments, 4 likely because the tapered shape of these NWs would cause the oscillations to quickly dephase and superpose destructively along the length of a given NW. 27 While the measurements discussed above extend our understanding of the electronic and phononic properties of semiconductor NWs, the most striking features in our measurements arise when we spatially vary the location of our pump and probe spots. UOM experiments were conducted on a single Si NW (255 nm) and a single Si/SiO 2 NW (255 nm core and 75 nm thick shell) with the probe beam fixed near one end of the NW and the spatial separation between the pump and probe beams, l, varied to a maximum of 5 μm along the NW axis. It is important to note that our single Si NWs have very small diameter variation along their axis (<10 nm) throughout the bulk of the NW where our measurements were performed, making them excellent quasi-1D systems to investigate carrier diffusion along the NW axis. Figures 3a and 3b summarize spatiotemporal ΔT/T signals measured on the core-only and core/shell NWs. The rise time increases with l for both the bare Si NW and the Si/SiO 2 NW, revealing strong acoustic phonon oscillations in both cases. Interestingly, the maximum ΔT/T signal for the Si/SiO 2 NW stays nearly constant up to 4 μm but rapidly decreases as a function of l for the bare Si NW. This drastic decrease in ΔT/T for the bare Si NW is caused by carrier trapping and recombination occurring at the surface of the NW. 16 ,28−31 In contrast, the SiO 2 layer in core/shell NWs reduces surface trapping and recombination as described above, enabling us to directly track carriers as they diffuse from one end to the other in a single semiconductor NW. The dramatic differences in time-and space-dependent carrier dynamics between the two NWs can be visualized in Figures 3c and 3d , which show contour plots of the normalized ΔT/T signal as a function of pump−probe separation and time delay.
To construct spatiotemporal diffusion current maps in our NWs, we first extract position-dependent carrier distributions for the Si core-only NW (Figure 4a ) and the Si/SiO 2 core− shell NW (Figure 4b ) from the contour plots in Figures 3c and  3d before normalization. Then, from the shape of the carrier distribution as a function of position at a specific time, we can directly obtain the diffusion coefficients for both NWs using a method based on the Haynes−Shockley experiment. 17 Specifically, we can calculate the average diffusion coefficient for electrons and holes, D avr , using
where 32 When the pump signal photoexcites a carrier density at one position in a NW (Δn pump tot ), the probe measures a carrier density greater than that at equilibrium (Δn pump tot ), and in the absence of an applied external field, the photoexcited carriers will diffuse from the pump position (x pump ) to the probe position (x probe ) (defined as the +x direction). Since the measured ΔT/T signal is proportional to the carrier density under these conditions, 16 ,18 the total diffusion current, J, can then be expressed as This includes both electron (J n (x,t) = −qD[∂n(x,t)/∂x]) and hole (J p (x,t) = qD[∂p(x,t)/∂x]) contributions, which will always be positive for electrons and negative for holes under our experimental conditions. This difference in the sign of J(x,t) for electrons and holes arises because the electrons diffuse in the +x direction (causing ∂n(x,t)/∂x < 0)) with a charge of −q, while holes will diffuse in the same direction (causing ∂p(x,t)/ ∂x < 0) with a charge of +q. Therefore, when J(x,t) > 0, the diffusion current is dominated by electron transport, and when J(x,t) < 0, the diffusion current is dominated by hole transport. Importantly, this allows us to separate out the contributions of electrons and holes to the total diffusion current. It is worth noting that eqs 1 and 2 do not take into account local electric field and carrier lifetime variations that could be induced by the large carrier concentration gradients, which may affect the extracted values for the diffusion coefficients and currents. However, we find that the carrier lifetime does not significantly vary with position in either NW (e.g., for the core−shell NW τ = 211 ps for l = 0 μm and τ = 245 ps for l = 3 μm), and the extracted diffusion coefficients compare reasonably well to those in bulk Si. This suggests that eqs 1 and 2 are a reasonable description of the observed phenomena. Spatiotemporal maps of the diffusion current derived from the ΔT/T data in Figures 3a and 3b using eq 2 are depicted for both the bare Si NW (Figure 4c ) and the core−shell NW (Figure 4d ). For the bare Si NW, we can notice that electron diffusion currents evolve and decay over a relatively short time scale and throughout the entire length of the NW. This is due to the strong concentration gradient of electrons (Figure 3c ) resulting from surface recombination throughout the entire NW length. For the core/shell NW, where the electron concentration is sustained throughout most of the NW length (Figure 3d) , making the concentration gradients smaller, we find that electron diffusion currents are appreciable toward the far end of the NW away from the pump location and are as a consequence sustained for significantly longer times than for the bare Si NW. The relatively short-lived nature of the electron diffusion currents in both types of NWs corroborates with earlier studies showing that surface states in Si NWs are dominantly acceptor-type and trap electrons. 33 In contrast, the heavier effective masses of holes cause a delay in the evolution of their diffusion currents. In addition, due to their lower diffusion coefficients, the magnitude of the hole diffusion current is observed to be lower than that of electrons. Consequently, for bare Si NWs, hole diffusion currents appear only over short distances from the probe spot, while many of the diffused electrons get trapped by surface states far away from the pump location. For the core/shell NWs, in the absence of strong recombination at the surface, a larger number of holes will propagate down the NW to recombine with the electrons that have traveled to the NW end away from the pump spot. Hole diffusion currents therefore will be sustained over longer distances in the core/shell NWs.
The experimental observation of both electron and hole diffusion currents in a semiconductor nanowire is uniquely attained by our measurement technique and captures some of the most basic principles of semiconductor physics in a simple and straightforward analysis; in fact, our results essentially correspond to a "textbook" case of carrier diffusion in a quasi-1D semiconductor after an impulse excitation. 17 Furthermore, our experiments enable us to extract several fundamental parameters in these NWs, including the surface recombination velocity, diffusion coefficients, and diffusion velocities, without the influence of contacts. The results presented here thus have implications for semiconductor devices in a wide variety of applications that use minority carriers as the main charge transport mechanism, such as in optoelectronics, bipolar transistors, and sensitive photodetectors. 1, 34 Finally, the noncontact nature of ultrafast optical microscopy will enable us to directly observe the interactions of carriers with different interfaces within a single nanowire, making it particularly useful for future investigations of radial and axial NW heterostructures, where charge transport across heterointerfaces is of particular interest for advanced device architectures (e.g., NW-based p−n junctions).
Methods. Our ultrafast optical microscopy setup is based on a femtosecond Ti:sapphire laser oscillator centered at 840 nm, the output of which is divided into pump and probe beams, with the probe power <10% of the pump power. The pump beam is then frequency-doubled in a BBO crystal to generate femtosecond pulses at 420 nm. By using a 20× (0.4 NA) microscopic objective lens, the pump (5 μm spot size) and probe (2 μm spot size) beams are collinearly focused at the sample position, with polarization of both beams parallel to the NW axis. The pump fluence used here was 126.0 μJ/cm 2 , leading to an initial photoexcited carrier density of n(0) = 5.9 × 10 19 cm −3 , according to the calculation method used in previous work. 4 By slightly tilting the pump beam angle, we can spatially separate the two beam spots, which enables us to directly track charge carriers along the NW axis (Figure 1b) . The transmitted probe light was then collected through a 50× objective lens, and its intensity was measured by a photodiode, while the NW and light positions are simultaneously monitored using a CCD camera. Real time monitoring of the focused pump and probe spots allows us to control their positions on the NW. This setup allowed us to significantly improve the spatial resolution over our previous work 4, 21 ( Figure 1a ). The Si NWs were fabricated by a combination of e-beam lithography and Si deep reactive ion etching. After preparation of as-etched Si[111] NWs with an average diameter of 600 nm and an average length of 9 μm, the diameters were reduced to d = 167 and 255 nm by one or more thermal oxidation and subsequent SiO 2 wet etching steps (Figure 1c ). Prepared bare Si NWs and Si/SiO 2 core−shell NWs with a 150 nm SiO 2 shell grown in a dry O 2 stream at 1000°C were then dispersed on sapphire substrates by chemical dropping, where they lay flat on the surface (Figure 1d) . A single NW out of the randomly dispersed NW ensemble was then chosen for our optical measurements. By looking at the back side of the samples with a 50× objective lens, variable zoom lens, and CCD camera, in that order, we can easily locate individual Si NWs. We performed the same experiments on at least three different NWs for each NW diameter, allowing us to confirm that the carrier dynamics and diffusion behavior are consistent for all cases.
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